INTRODUCTION
Quadruple sulfur isotope fractionation is one of the most robust geochemical tools available to constrain the atmosphere's redox state, owing to intrinsic links between atmospheric photochemistry and oxygen (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Prior to ~2.4 Ga (5, 6), sedimentary S-phases display mass independent S-isotope fractionation (S-MIF; Δ 33 S and Δ 36 S≠ 0 1 ), which is conspicuously absent in the younger geological record (5) (6) (7) 11) . The disappearance of S-MIF is widely cited as reflecting a critical change in atmospheric state, where oxygen exceeded 0.001% of present atmospheric levels (3) during the so-called Great Oxidation Event (GOE; 4, 5, 6, 12) . More recently, however, the perception of the GOE sensu stricto has been questioned by emerging data derived from 3.0-2.5 Ga sediments, interpreted to represent both earlier accumulation(s) of atmospheric oxygen/ozone (13) (14) (15) (16) , as well as transient descents toward a reduced methane-rich atmospheric state (8, 9, 17, 18) .
Interrogation of the temporal S-MIF record reveals additional details-variable magnitude and changes in Δ 36 S/Δ 33 S slope-which are suggested to reflect subtle atmospheric compositional changes beyond the simple presence or absence of oxygen (6-10, 12, 17, 19-21) . Specifically, geochemical records from multiple continents reveal a broad correlation between changes in the S-MIF record and highly 13 C-depleted organic carbon-termed C-S anomalies (8)-which have been interpreted to reflect the periodic formation of a hydrocarbon haze reminiscent to that observed on Saturn's moon Titan (8) (9) (10) . While these records have been used to paint an intriguing picture of Neoarchean atmospheric dynamics in the prelude to the GOE (8, 9) , a critical appraisal of the Neoarchean haze hypothesis awaits (22). We present new, high-resolution, coupled quadruple sulfur-and carbon-isotope, Fespeciation, and TOC records (Figure 1 ) from the youngest of the three C-S anomalies identified in core GKF01, obtained from Griqualand West Basin, South Africa (SI Appendix, Figure 1A ; SI Appendix; 9, 15, 23, 24), resulting in the highest temporal-resolution stratigraphic study yet conducted in the Archean. Critical to testing the haze hypothesis, our geochemical records reveal the timing and structure of a C-S anomaly, which when combined with an updated ]. The C-S anomaly is not confined wholly to the mudstone interval, as cursory consideration of Figure 1 ), speak to substantial methane incorporation into sedimentary organic matter. In greater detail, this incorporation involves the interplay between localized methane production (methanogenesis), oxidation and assimilation (methanotrophy; 26). Therefore, the low δ 13 COrg data observed in GKF01 (and other Neoarchean sedimentary successions) can be explained in two ways: (i) increased methanotrophy assimilating more methane into the sedimentary record independent of the methane flux (26, 27) or (ii) enhanced methanogenesis, increasing environmental methane availability, with a parallel increase in methanotrophy (8, 9) . Sedimentary δ 13 COrg values are controlled locally, and reflect the carbon utilization strategies of the microbial communities from which the organic matter is sourced.
Therefore, the haze hypothesis does not require every inflection in the δ Biological metabolic processes are known to impart small mass-dependent effects during inter-and intra-cellular (un)mixing processes (19, 28) . Biologically mediated mass conservation effects are known to preferentially effect  However, as described above, the δ 34 S record in the succession we examined is remarkably stable (Figures 1, 3C ), offering little support for a biologically mediated model (19) .
Thermochemical sulfate reduction (TSR) can also impart a distinctive S-MIF signature ( Figure   2B ); however, this process also cannot explain our S-isotope observations. Firstly, we see no COrg, and hence methane production/consumption, should be ubiquitous in the Archean, responding to local-scale changes in organic matter quality and quantity (8, 9, 26) . In an atmospheric sense, however, it is unlikely that a short- Figure 5B and -0.52, Figure 5D ), which differ from the clear-skies simulation (-0.04, Figure 5C ).
The clear-skies simulation in Figure 5C has distinct, but broadly similar, boundary conditions to the "standard atmosphere" ( 
CONSTRAINING THE TIMING AND DRIVERS OF ATMOSPHERIC HAZE FORMATION
These geochemical and computational arguments lend credence to the haze hypothesis.
Accordingly, we interpret the C-S anomaly as a chemostratigraphic marker of atmospheric haze development. The well-defined structure of the high-resolution C-S anomaly ( Methanogens feature a complex biochemistry dependent on nickel-based metallo-enzymes (48), which they use to produce methane at the expense of simple carbon compounds and molecular hydrogen (49, 50). Although reconstructed marine nickel concentrations suggest that post-2.7 Ga oceans were nickel limited (49, 50), it is improbable that nickel alone was a stimulus for episodically heightened methane production necessary for haze production.
Neoarchean oceanic nickel depletion has been attributed to long-term unidirectional mantle cooling, changing the chemical composition of igneous rocks and concomitant marine nickel delivery (49, 50). In contrast, haze formation was geologically rapid, and occurred repeatedly in the prelude to the GOE (8, 9), thus requiring a recurrent, yet geologically short-lived, driver.
While it is feasible that episodic volcanism could supply reactive igneous rocks, secular mantle cooling should have ensured their nickel content was progressively lower (49, 50). Perhaps more importantly, it is difficult to envisage a solely volcanic/hydrothermal driver that effectively decouples nickel delivery from other bio-essential elements (e.g., P, N, Fe, Mo et cetera; 13).
Alternatively, episodic top-down stimulation of the entire biosphere, via enhanced primary productivity in the surface waters, could provide a more satisfactory trigger for haze development. This inference is supported by relatively high total organic-carbon (TOC) abundances (≥ 2 %) within the C-S anomaly ( Figure 3B ) compared to the Neoarchean average (1.5 ± 1.3 Wt. %; 51). Although high TOC abundances could reflect either diminished dilution by carbonate, enhanced productivity or preservation, the consistently low FeHR/FeT (< 0.38) ratios observed during the C-S anomaly ( Figure 1B ), suggest that oxic sedimentation persisted Figure 1b) . Given that atmospheric models insinuate O2 residence times on the order of a few hours (7) and extremely reducing tropospheric conditions, these data can only be reconciled by oxygenic photosynthesis (15) creating locally oxygenated water column conditions and the development of an oxygen oasis (52). The production of oxygen and organic matter in surface environments and their destruction in deeper waters, the sediment-water interface and below, had the potential to spatially decouple oxygen and methane production; thereby, offering a mechanism where methane could have escaped water column reoxidation and contributed to the atmospheric methane burden.
Excluding a facies control on the observed TOC increase is more difficult. The deepening experienced during the mudstone deposition probably inhibited carbonate deposition via isolation from the photic zone (23), hence reducing the dilutive effects of the biogenic carbonates during the C-S anomaly. That said, the small-intercalated mudstones in the basal part of the examined section (< 840 m) represent the same facies change, yet do not display the isotopic covariation that defines the C-S anomaly. This difference we explain as a function of scale: The mudstone containing the C-S anomaly has known lateral facies equivalents in core GKP01 (15, 23, 53) , so independent of dilution-type effects, TOC-rich sediments were deposited across a larger area of the Griqualand West basin during the C-S anomaly. Thus increased TOC deposition could have supplied ample organic carbon to fuel regionally pervasive methanogenesis, potentially enhancing methane fluxes to the atmosphere.
Importantly, consistent with the predictions of atmospheric simulations (7) demonstrates that the atmosphere remained essentially oxygen free (1-3, 6, 7, 10) despite evidence for enhanced oxygen production (9, 15) . Apparently the global sinks of water column reductants (e.g. Fe 2+ ; 4), combined with reduced atmospheric gases (e.g., H2, CH4), were still sufficient to prevent atmospheric oxygenation at this time (7, 10 COrg-exhibiting some interesting parallels with the data presented herein.
Unfortunately the Mt. McRae shale data are of insufficient resolution to make meaningful comparisons with our own, and no Re-Os data exist for the C-S anomaly examined in Figure 1 .
Clearly further targeted SF6 and SIMS analysis, coupled with the application of sensitive radiogenic isotope tracers (e.g. Re-Os; 58), to this and other C-S anomalies (8, 9) , has the potential to elucidate the source of the nutrients (weathering vs. oceanic nutrient redistribution) and should be a fruitful avenue of future research.
From an Earth system perspective, low seawater sulfate concentrations were likely an important prerequisite for haze formation, allowing methane to escape AOM in the sediment terrestrial colonization (51, 54), combined with increasing biological oxygen production (9, 15) and waning availability of residual reductants (e.g., Fe 2+ ), would have changed the marine budgets of electron acceptors (e.g. sulfate; 51), curbing biogenic methane fluxes via enhanced AOM (43), and ultimately changing the atmospheric response to biospheric stimulation (13, 15) .
HAZE FORMATION AS A HARBINGER OF PLANETARY OXIDATION?
Biogenic methane production has been proposed as an efficient hydrogen shuttle to the exosphere (41). Empirical studies throughout the solar system reveal that multiple processes combine to enable hydrogen escape from the upper atmosphere at its maximum theoretical This contests the notion of homogenous atmospheric chemistry across vast swaths of Archean time (64) , while providing the strongest evidence to date that the Neoarchean was dynamic on million-year time scales. These atmospheric oscillations are best explained via a strong teleconnection between the biosphere and atmospheric chemistry, whereby increased nutrient availability instigated a biogeochemical cascade, prompting organic-haze formation.
Episodic haze formation should have hastened hydrogen escape and likely acted as a counterintuitive mechanism of generating significant oxidizing equivalents to the whole Earth System against an oxygen-free atmospheric backdrop.
METHODS.
The geochemical data presented herein have been generated following established methodologies. Similarly, the photochemical model has been updated, via the inclusion of updated SO2-photodisasociation cross-sections (33), from that developed in Claire et al. (7). Here we précis our approach, reserving a complete description for the SI Appendix.
Briefly: Sulfur isotope analysis was performed on purified SF6, following CRS pyrite distillation, S ratios, respectively. Organic carbon isotope and TOC data were generated at the JPL Astrobiogeochemistry Laboratory (abcLab) using 10 % (vol/vol) HCl decarbonated sample residues. The average reproducibility of δ 13 COrg and TOC sample duplicates was found to be ± 0.22 ‰ and 0.02 %, respectively. Iron speciation analyses were conducted at the University of St. Andrews, exploiting an empirically calibrated sequential extraction (65), as detailed in (66), with an extract precision of ~5% (SI Appendix).
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Council Standard Grant NE/J023485 (to A.Z., M.C. and S.P. Figure 5A shows the three distinct atmospheric states (Models 1-3, Figures 5B-5D ) that were chosen to examine the effect of a hydrocarbon haze on atmospheric chemistry (numbered vertical grey bands Figure 5A ): The first model simulates a thick hydrocarbon haze prior to the advent of oxygenic photosynthesis ( Figure 5B ), whereas the second and third models represent haze-free ( Figure   5C ) and hazy ( Figure 5D ) states after the advent of oxygenic photosynthesis (7, 10) . Under each atmospheric regime ( Figures 5B-5D insensitive to water-depth (an inference borne out by our new data). To better our understanding of haze formation we revisit core GKF01 and construct a high-resolution geochemical record from ~900-800m (Figures 1-3) . We target this stratigraphic interval based on the initial work of Zerkle et al. (9) . This is the youngest known C-S anomaly for which good core recovery exists but importantly it overlies the Kamden Iron formation (~905 m)-a prominent and pervasive stratigraphic marker-meaning our efforts should be directly traceable into other cores.
The chronostratigraphic framework for the Prieska-Koegas area, along the southwestern margin of the Kaapvaal craton, is developed predominately from SHRIMP U-Pb ages derived from zircons concentrated from the various intercalated tuff beds. Within this framework the zircon population ages young systematically and show good agreement between studies (36-40). Knoll and Beukes (36) exploited the unusually large number of marker beds present in core GKP01 (companion core to GKF01) to correlate the core to outcrop-derived "typeprofiles", and exploit the existing precise U-Pb radiometric age constraints (see their Figure 8 ;
Although the tuff horizons in GKF01 are not as well documented as in GKP01, the proximity of the two cores (~24 km), combined with the presence of well-defined lithological, sequence stratigraphic and impactite horizons (23), allows us to develop a crude linear age-depth model. We use these age controls to place the first constraints on the duration of the C-S anomaly and hence an episode of Neoarchean hazes formation. The implications of these temporal constraints are discussed in the manuscript. Specifically, using the age constraints using liquid nitrogen (LN2) and an ethanol-LN2 slurry, respectively. Finally, the SF6 was purified via gas chromatography using a composite column comprized of a type 5A molecular sieve The accuracy of the presented data was assessed via identical purification of IAEA S1 and S3 standards producing data inline with published accepted values (8, 9) .
CARBONATE ABUNDANCE AND ORGANIC CARBON ISOTOPE:
The carbonate-carbon fraction was quantitatively removed from homogenized sample powders via multiple overnight 10 % (vol/vol) HCl acid attacks, allowing the carbonate abundance to be calculated gravimetrically.
The resulting carbonate free residues were then rinsed to neutrality using Mille-Q (R) ultrapurewater (18.2 MΩ . cm) before being dried at 40 o C at the University of St Andrews (8) .
The dry sample residues were homogenized and weighed into tin cups ready for organic carbon isotope (δ Finally the remaining magnetite (FeMag) was extracted with a mixed 0.2/0.17 M ammonium oxalate/oxalic acid solution. Iron concentrations were determined using Thermo Scientific iCAP 6300 inductively coupled plasma optical emission spectrometer after 20-fold dilution.
Standardization was achieved using synthetic, matrix matched, 0-10 μg ml -1 Fe standards.
Reproducibility, based on 10 replicate extractions of PACS-2 is demonstrated to be better than 5 %; however, this is likely to be an underestimate of some low-Fe samples where analytical reproducibility is more likely to approximate 10 %.
The Ag2S precipitated for S-isotope analysis allowed the final Fe-pool(s) to be quantified gravimetrically, with AVS representing monosulfides (FeS) and CRS representing pyrite (FeS2), whose sum represents the inorganic sulfurized pool (FePy = FeAVS + FeCRS). Repeat extraction of (n=6) demonstrates that reproducibility is better than 5% for sedimentary CRS distillation (70) .
Comprehensive surveys of both contemporary (72) and Phanerozoic sediments (73) demonstrate that products of anoxic sedimentation generally have FeHR/FeT ratios above 0.38, and hence this is the diagnostic threshold used to discriminate between oxic and anoxic sedimentation (9, 15, 67 contents. Accordingly we have opted to conservatively only place emphasis on the Fespeciation data derived from the center of the C-S anomaly, which are derived from siliclastic lithologies and hence not influenced by dolomitization.
PHOTOCHEMICAL MODELING:
The model used to predict and examine the utility of the
S parameter is updated from that presented previously by Claire et al (7) . The 1-D photochemical model comprises 74 gas-phase species undergoing 392 photochemical reactions and includes vertical transport by eddy and molecular diffusion, rainout, lightning, particle condensation and diffusion-limited hydrogen escape. Altitude dependent computation is based on incremental 0.5 km grid-steps over 100 km. Within this structure a fixed tropopause is adopted at 11 km. Radiative transfer was computed using a two-stream approximation using Rayleigh and Mie scattering for gaseous and particulate species, respectively. Photolysis rates were diurnally averages based on a 50 o solar zenith angle. Model integration was performed using a variable time-step reverse-Euler method, which relaxes to Newton's method when large time-steps are large. Only fully converged steady state solutions were analyzed.
The present model incorporates updated SO2-isotopologue absorption cross sections (33).
The previous cross-sections (35) used by Claire et al. (7) have been questioned by numerous authors (7, 34) , and predict  Although there is evidence for the persistence of a Mesoarchean organic haze (10, 20, 78) , and the subject of our study is to examine the hypothesized development of periodic Neoarchean haze(s) (8, 9) , the apparent longevity of  C) is seen by 840 meters core depth (annotated), whereas the change in lithology (from calcareous mudstone to mudstone) occurs at least 1 m up-core, in younger rocks. Thin red arrows highlight this non-trivial stratigraphic difference. Core photographs and detailed lithological logs of cores GKF01 and GKP01 are available via the Agouron-Griqualand Paleoproterozoic drilling project online database (http://general.uj.ac.za/agouron/index.aspx). These photos feature overlap (core markings and vertical blue boxes), and hence repetition of strata, to ensure the entire core was imaged. 
Table S2|
Tabulated organic carbon isotope (δ 13 COrg; ‰) and total organic carbon data (TOC). Samples were prepared at the University of St. Andrews and analyzed at JPL Astrobiogeochemistry Laboratory (abcLab) over four analytical sessions. Samples were often run in duplicate and each set of data is shown. Where available the average and standard deviation are calculated for each sample and used in figures within the manuscript. Where duplicates are not available we conservatively apply the average uncertainty calculated from the replicates and note that these do not alter our conclusions.
Table S3|
Tabulated Fe-speciation data determined at the University of St Andrews, with FeCarb, FeOx and FeMag determined by sequential extraction (65) and FeAVS and FeCRS determined by CrCl2 distillation; 70). Highly reactive iron (FeHR) is that reactive towards sulfide on geological timescales and is the sum of FeCarb, FeOx, FeMag, FeAVS and FeCRS; whereas, FePy is sulfurized fraction of Fe representing the total of FeAVS and FeCRS (65) .
